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HIGHLIGHTS 


GRAPHICAL  ABSTRACT 


►  Water  distribution  in  fuel  cell  stacks 
was  analyzed  by  neutron 
tomography. 

►  Changes  in  the  water  distribution 
were  observed  for  36  h  after 
shut-down. 

►  Best  results  were  achieved  when 
temperature  regulation  was 
switched  off. 

►  Separate  analysis  of  individual  cells 
allows  optimization  of  stack  design 
parameters. 
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Neutron  tomography  was  applied  to  study  the  3D  water  distribution  in  full  polymer  electrolyte 
membrane  fuel  cell  (PEMFC)  stacks.  The  water  distribution  after  switch-off  of  the  fuel  cell  was  analyzed 
over  a  period  of  36  h.  We  found  a  slowly  increasing  water  amount  in  the  fuel  cell,  but  only  few  changes 
within  a  time  period  of  5  h,  which  is  about  the  time  necessary  for  neutron  tomography.  In  this  way,  the 
requirement  for  successful  tomography  was  obtained.  It  is  demonstrated  how  the  quasi  in-situ  tomog¬ 
raphy  technique  enables  us  to  study  the  water  content  in  individual  flow  field  channels  of  three-fold 
stacks.  Flow  field  as  well  as  stack  design  issues  are  addressed  by  this  visualization  method  showing 
weak  points  due  to  a  non-uniform  water  distribution  that  can  be  identified  by  means  of  neutron  imaging. 
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1.  Introduction 

A  substantial  part  of  the  recent  research  on  low  temperature 
polymer  electrolyte  membrane  fuel  cells  (PEMFCs)  deals  with 
water  management  and  water  transport  in  fuel  cells  [1-8].  Only 


H.  Markotter  et  al.  /  Journal  of  Power  Sources  219  (2012)  120-125 


121 


a  well-balanced  humidification  ensures  a  high  and  stable  output 
power  over  a  long  time.  Therefore  adequate  methods  for  the 
observation  and  analysis  of  water  distributions  in  fuel  cells  are 
crucial.  In  the  past  years  synchrotron  X-ray  and  neutron  imaging 
have  been  successfully  used  for  this  purpose  [9-13].  Synchrotron 
X-ray  imaging  delivers  a  high  spatial  resolution  down  to  1  pm, 
which  enables  the  investigation  of  water  transport  phenomena 
inside  the  pores  of  the  gas  diffusion  layers  (GDLs)  in  real  time 
[14-19]. 

Neutron  radiography  was  established  as  a  valuable  tool  for  in- 
situ  investigations  of  water  transport  in  flow  fields  on  a  larger 
area  of  interest  covering  the  complete  active  areas  of  commercial 
fuel  cells  [13,20-27]  even  as  large  as  20  x  20  cm2  [28].  For  such 
measurements  typical  spatial  resolutions  range  from  25  to  100  pm 
with  typical  exposure  times  between  5  and  60  s.  The  strong  inter¬ 
action  of  neutrons  with  hydrogen  is  employed  to  visualize  small 
accumulations  of  liquid  water.  Owing  to  the  penetration  power  of 
neutrons  the  metallic  end  plates  and  other  components  appear 
almost  transparent  and  provide  an  insight  into  the  internal  water 
distribution  of  the  cell  without  the  necessity  of  any  measurement- 
related  modification  to  the  fuel  cells  [9]. 

Radiographic  analyses  performed  in  through-plane  direction  do 
not  allow  to  separate  individual  water  distributions  on  the  cathode 
and  anode  side.  In  some  cases,  this  drawback  could  be  solved  by 
using  different  flow  field  designs  on  either  side  [14].  Otherwise,  if 
the  anodic  and  cathodic  flow  fields  bear  a  large  overlap  or  are 
operated  in  the  co-flow  mode,  a  distinction  of  the  two  sides  cannot 
be  easily  obtained.  From  an  application  point  of  view  fuel  cell  stacks 
have  to  be  considered.  As  the  water  and  thermal  management  and 
thus  the  water  distribution  differ  strongly  between  single  cells  and 
cell  stacks  and  it  is  not  always  possible  to  derive  conclusions  from 
one  to  the  other.  Therefore,  radiography  is  -  in  many  cases  -  of 
limited  use  for  investigations  of  fuel  cell  stacks  or  single  cells  with 
overlapping  flow  field  designs.  In  order  to  address  this  limitation 
several  groups  have  used  tomography  to  analyze  the  water  distri¬ 
bution  in  fuel  cells  and  fuel  cell  materials  [29-33]. 

Some  years  ago  a  technique  was  presented  that  allows  for 
tomographic  investigations  of  fuel  cell  stacks  [34].  For  this  purpose, 
gas  flow  and  temperature  regulation  are  temporarily  switched  off 
in  order  to  conserve  the  local  water  distribution  in  a  fuel  cell  stack 
for  several  hours  to  fulfill  the  precondition  for  3D  imaging  by 
neutron  tomography.  Flere  we  present  new  details  on  the  switch- 
off  procedure  and  investigations  on  triple  fuel  cell  stacks  to  prove 
the  unperturbed  state  of  the  water  distribution. 


2.  Experimental  setup 

The  investigated  triple  fuel  cell  stacks  were  equipped  with 
multiple  serpentine  flow  fields  with  1-mm  wide  ribs  and  channels. 
The  individual  cells  have  an  electrochemically  active  area  of 
100  cm2.  Cooling  flow  fields  were  applied  to  each  side  of  the 
individual  cells  with  circulating  deuterated  water,  which  neutrons 
can  easily  transmit.  This  (heavy)  water  is  tempered  to  the  target 
temperature  to  ensure  a  proper  tempering  of  the  cell.  GORE®  PRI- 
MEA  membrane  electrode  assemblies  with  a  membrane  thickness 
of  19  pm  (series  57)  and  commercial  gas  diffusion  layers  (SGL 
Sigracet®  10BB:  thickness  420  pm,  with  micro  porous  layer  (MPL)) 
were  employed  for  the  fuel  cell  setup.  The  fuel  cell  stack  was 
operated  at  typical  parameter  settings:  Uc  =  40%,  ua  =  80%, 
T  =  55  °C,  Io  =  330  mA  cm-2,  where  Uc  and  ua  are  the  utilization 
ratios  of  the  cathodic  and  anodic  gas  streams,  T  the  temperature  of 
the  thermostat  and  I  the  current  density.  The  cathodic  gas  stream 
was  humidified  at  a  dew  point  of  25  °C;  the  anodic  gas  stream 
remained  unhumidified. 


Fig.  1.  Triple  polymer  electrolyte  membrane  fuel  cell  stack  next  to  a  scintillator  screen 
(right).  Gas  in-  and  out-lets  were  sealed  to  prevent  evaporation. 


Neutron  tomography  was  carried  out  at  the  CONRAD/V7  (COld 
Neutron  RADiography)  facility  of  the  Helmholtz-Zentrum  Berlin 
(research  reactor  BER  II)  [35,36].  For  each  tomography  600  single 
projections  were  taken  with  an  exposure  time  of  30  s  per  projec¬ 
tion.  The  pixel  sizes  of  the  radiographic  images  were  about 
110  x  110  pm2  and  the  spatial  resolution  was  about  300  pm  in  the 
tomogram. 

As  an  example  a  triple  stack  positioned  in  front  of  the  scintillator 
is  shown  in  Fig.  1.  After  operation  of  the  triple  stack  the  gas  flow  was 
shut  off  in  order  to  keep  the  water  distribution  in  the  channels  at  an 
almost  constant  level  for  several  hours.  The  small  residual  changes 
of  the  water  distribution  were  observed  by  radiographic  imaging 
for  different  settings. 


Fig.  2.  Changes  of  water  distribution  in  a  fuel  cell  3  h  after  operation  has  been  stopped, 
but  temperature  regulation  has  been  continued.  White:  Additional  water;  Black:  Less 
water. 
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Fig.  3.  Changes  in  the  water  distribution  in  a  fuel  cell  50  min  with  both,  gas  supply  and 
temperature  regulation  have  been  switched  off. 

3.  Results  and  discussion 

To  verify  the  usability  of  the  experimental  procedure  described 
above  it  is  essential  to  know  to  which  extent  the  water  distribution 
remains  constant  throughout  the  measurement  time.  In  a  first 
approach,  the  triple  fuel  cell  stack  was  switched  off  from  stationary 
operating  conditions  while  the  temperature  regulation  was  kept 
working  and  also  the  gas  supply  tubes  were  still  connected  to  the 
cell.  The  change  of  the  water  distribution  after  about  3  h  is 


1  cm 


displayed  in  Fig.  2.  The  neutron  radiograph  taken  directly  after  the 
cell  had  been  switched  off  containing  the  present  water  distribu¬ 
tion  is  compared  to  a  radiogram  taken  3  h  later.  The  neutron  beam 
attenuation  according  the  Beer-Lambert  law  causes  an  exponential 
decay  of  the  beam  intensity: 

I/I o  =  exp[-n*d]  (1) 

The  inverse  calculation  delivers  the  change  in  thickness  of 
transmitted  water. 

d  =  ln(///0)/(-p)  (2) 

Where  I  is  the  beam  intensity  of  a  radiograph  of  the  cell  3  h  after  it 
has  been  switched  off,  Jo  of  the  cell  directly  after  it  has  been 
switched  off,  d  the  thickness  of  the  transmitted  water  and  /jl  is  the 
absorption  coefficient.  Black  areas  mark  locations  where  the  water 
level  is  reduced  and  white  areas  where  the  water  amount  has 
increased.  While  the  overall  water  amount  remained  almost 
constant,  the  water  distribution  was  strongly  altered.  Therefore, 
this  switch-off  procedure  is  inadequate  since  the  water  distribution 
has  to  be  kept  constant  during  a  tomographic  measurement  that 
takes  around  5  h. 

In  the  next  experiment,  in  addition  to  the  gas  flow  the 
temperature  control  was  also  switched  off  by  stopping  the  pump  of 
the  cooling  system.  After  this  procedure  the  temperature  of  the 
heavy  water  in  the  cooling  flow  fields  and  the  cell  is  slowly 
decreasing  to  room  temperature  (25  °C).  The  image  in  Fig.  3  shows 
the  changes  in  water  distribution  after  50  min.  Hardly  any  changes 
were  found  on  this  short  time  scale. 

Fig.  4  shows  the  water  distribution  changes  on  a  longer  time- 
scale,  describing  the  situation  9, 18,  27  and  36  h  after  the  cell  had 
been  switched  off.  After  9  h  still  only  a  minor  increase  of  the  water 


b  after  1 8  h 


d  after  36  h 


Fig.  4.  Changes  in  the  radiographs  after  9, 18,  27  and  36  h.  Only  little  change  in  water  distribution  occurs,  small  enough  for  a  proper  tomographic  reconstruction. 
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Fig.  5.  Water  distribution  in  the  individual  cells  of  a  three-fold  fuel  cell  stack  as  measured  by  quasi  in-situ  neutron  tomography.  Cell  components  are  rendered  transparent.  Most 
water  agglomerates  at  the  turnings  of  the  flow  field  channels. 


distribution  at  some  locations  in  the  channels  of  the  cell  can  be 
observed.  The  additional  water  amount  is  about  3%  of  the  overall 
water  content  in  the  cell.  Later,  the  amount  of  water  further 
increases  and  finally,  after  36  h,  an  estimated  7—10%  of  the  water 
content  has  changed,  i.e.  mostly  additional  water  (approx.  150  pi) 
appears  due  to  condensation  in  the  channels.  By  temperature 
reduction  from  55  °C  to  about  25  °C  the  maximum  possible  amount 
of  gaseous  water  in  1  m3  decreases  from  104  to  about  17  g.  That 
means  less  than  0.01%  of  the  gas  volume  in  the  cell  can  be  water 
(11  pi)  that  has  condensed  due  to  the  temperature  drop.  This  is  less 
than  one  tenth  of  the  actually  observed  additional  water.  Most 
likely,  the  additional  water  in  the  channels  results  from  agglom¬ 
eration  of  homogeneously  distributed  water  in  the  membrane  and 
GDL,  which  cannot  be  identified  in  the  radiographic  images.  The 
liquid  filled  volume  is  below  the  detection  limit.  This  water  might 
accumulate  after  some  time  in  the  channels  and  is  detected  there  as 
larger  droplets  reach  a  critical  size.  The  normalization  procedure  is 
not  accurate  enough  to  identify  homogeneously  distributed  water 
in  the  cell. 

From  an  application  point  of  view  it  is  obvious  that  the 
considerable  amount  of  liquid  water  present  in  the  gas  diffusion 
media  has  to  be  removed  before  the  gas  supply  is  stopped  and  the 
cell  could  be  subjected  to  freezing  temperatures  in  real  operation 
conditions.  The  effect  of  freezing  water  on  different  components 
has  been  reported  [37,38]  as  well  as  the  impact  on  the  electro- 
chemically  active  spots  [39].  Our  findings  underline  that  transport 
processes  do  not  stop  once  the  fuel  cell  has  been  switched  off  and 
both  the  electrochemical  reactions  as  well  as  water  transport 
undergo  significant  changes. 

The  results  presented  in  Figs.  3  and  4  demonstrate  the  feasibility 
of  quasi  in-situ  tomography.  Since  a  tomography  experiment  takes 
about  5  h  the  observed  changes  in  the  water  distribution  do  not 
noticeable  disturb  tomographic  reconstruction.  In  Figs.  5  and  7 
examples  of  tomographic  investigations  under  the  previously 
determined  switch-off  conditions  are  presented. 

A  three-fold  cell  stack  with  serpentine  flow  fields  containing  5 
and  11  channels  on  the  anode  and  cathode,  respectively,  has  been 
studied.  The  reconstructed  tomogram  was  used  to  evaluate  the 
water  distribution  of  the  individual  cells  as  well  as  the  individual 
compartments.  Fig.  5  shows  the  water  distributions  in  the  flow  field 
channels  for  each  cell  while  all  other  cell  components  are  rendered 
transparent.  In  Fig.  5a-c  the  superimposed  anodic  and  cathodic 
water  distribution  is  displayed  for  the  three  individual  cells.  The 
redirection  of  gas  in  the  turnings  of  the  flow  field  channels  creates 
favorable  conditions  for  water  condensation  [40],  which  is  why 
most  water  has  accumulated  in  such  flow  field  areas  and  hence 
reduce  the  current  density.  The  link  to  locally  altered  current 
density  areas  across  the  electrochemically  active  area  has  already 
been  shown  by  Flartnig  et  al.  [28]. 


The  main  advantage  of  three-dimensional  visualization  is  the 
differentiation  of  water  present  at  the  anode  and  cathode  flow 
fields.  Even  though  electrochemical  water  formation  takes  place 
only  at  the  cathode  and  only  the  cathodic  gas  stream  is  humidified, 
water  is  also  present  in  the  anodic  flow  field  channels.  This  can  be 
explained  by  back-diffusion  from  the  cathode  to  the  anode  (see 
Fig.  6)  which  is  one  of  the  key  factors  for  maintaining  a  uniform 
humidification  of  the  active  area.  This  provides  the  required  proton 
conductivity  of  the  membrane  and  is  common  in  cells  of  this  type. 
Water  is  driven  by  the  concentration  gradient  through  the 
membrane  from  the  cathode  to  the  anode.  This  effect  counteracts 
the  electro-osmotic  drag,  which  is  proportional  to  the  proton 
density  migrating  from  the  anode  to  the  cathode  as  a  consequence 
of  the  electrochemical  oxidation  of  hydrogen.  Here,  the  water 
distribution  is  influenced  by  a  number  of  factors  with  the  thickness 
of  the  membrane  playing  an  important  role.  As  a  comparatively 
thin  membrane  (thickness:  19  pm)  is  employed,  sufficient  humid¬ 
ification  of  the  anode  due  to  concentration-induced  back-diffusion 
can  be  easily  achieved. 

Another  three-fold  fuel  cell  stack  with  a  different  flow  field 
design  has  been  investigated  by  quasi  in-situ  tomography  [41,42]. 
Equipped  with  a  21 -fold  meander  the  flow  field  represents 
a  compromise  between  a  parallel  and  a  meander  flow  field  with 
a  low  number  of  channels.  The  parallel  flow  field  results  in  a  low 


Fig.  6.  Reactions  taking  place  in  a  polymer  electrolyte  membrane  fuel  cell. 
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Fig.  7.  Separated  water  distribution  for  each  single  cell  in  a  three-fold  stack. 


gas  pressure  difference  and  is  therefore  prone  to  liquid  water 
flooding  of  individual  channels.  Once  a  channel  is  blocked  by  liquid 
water  the  gas  stream  can  easily  bypass  this  channel  via  water-free 
alternative  ‘routes’.  In  this  way  flooded  channels  remain  blocked 
and  the  problem  expands  to  further  channels,  thus  causing  an 
imbalance  of  gas  supply.  The  use  of  a  meander  flow  field  with 
a  lower  number  of  channels  forces  the  gas  stream  to  pass  the 
complete  flow  field  or  partly  stream  under  the  flow  field  ribs  and 
flow  through  parts  of  the  GDL.  This  in  turn  results  in  a  relatively 
high  pressure  drop  across  the  flow  field  and  requires  a  higher  gas 
pressure  which  has  an  impact  on  the  system’s  efficiency.  The  use  of 
a  21 -fold  meander-shaped  flow  field  as  shown  in  Fig.  7  was 
intended  to  avoid  these  disadvantages  but  still  lacks  of  an  inho¬ 
mogeneous  water  distribution.  While  water  accumulates  in  hori¬ 
zontally  aligned  channel  sections,  the  vertical  channel  sections 
stay  free  of  water.  An  inhomogeneous  gas  stream  might  be  the 
reason  for  this,  causing  drying  parts  of  the  membrane. 

Concerning  stack  design  thermal  effects  might  lead  to  an 
enhanced  condensation  of  liquid  water  and  cause  deviations  in  the 
gas  flow  and  pressure  of  the  outermost  cells  resulting  in 
a  decreased  performance  of  these  cells.  Fig.  7  shows  differences  in 
the  water  amount  present  in  each  cell.  In  triple  stacks  these  effects 
are  not  as  severe  because  only  limited  differences  in  the  amount  of 
water  per  cell  are  observed  but  might  play  an  even  more  important 
role  in  larger  stacks.  Flowever,  neutron  tomography  is  limited  due 
to  the  attenuation  of  the  beam.  With  increasing  number  of  cells  in 
a  stack  the  quality  of  the  tomographic  reconstruction  decreases. 
Therefore,  tomographies  of  stacks  with  more  than  five  cells  are  not 
yet  feasible  with  the  desired  quality. 


4.  Conclusions 

Quasi  in-situ  neutron  tomography  was  used  to  analyze  the 
water  distribution  in  operating  fuel  cell  stacks  in  three  dimensions. 
The  switch-off  procedure  was  analyzed  with  different  settings.  For 
a  tomography  that  takes  about  5  h  it  is  necessary  to  shut  off  both 
the  gas  flow  and  the  temperature  control  and  for  optimal  results,  in 
addition,  the  gas  supply  tubes  should  be  blocked  to  prevent  water 
from  condensing.  For  the  first  time,  the  water  distribution  after 
switch-off  of  a  fuel  cell  was  imaged  over  a  time  period  of  36  h. 
However,  even  after  stopping  the  supply  of  reactant  gases  and  the 
temperature  control,  considerable  transport  processes  take  place 
and  some  transport  of  water  from  the  GDL  to  the  flow  field  chan¬ 
nels  is  observed. 


Neutron  tomography  enables  a  separate  analysis  of  water 
accumulations  in  the  individual  cells  of  the  stack  and  allows  for 
a  comprehensive  study  of  specific  flow  field  design  parameters 
affecting  the  water  management. 
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